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Whether induction of low-level neurogenesis in normally non-neurogenic regions of the
adult brain mimics aspects of developmental neurogenesis is currently unknown. Previ-
ously, we and others identiﬁed that biophysically induced, neuron subtype-speciﬁc apop-
tosis in mouse neocortex results in induction of neurogenesis of limited numbers of
subtype-appropriate projection neurons with axonal projections to either thalamus or spinal
cord, depending on the neuron subtype activated to undergo targeted apoptosis. Here,
we test the hypothesis that developmental genes from embryonic corticogenesis are
re-activated, and that some of these genes might underlie induction of low-level adult neo-
cortical neurogenesis. We directly investigated this hypothesis via microarray analysis of
microdissectedregionsofyoungadultmouseneocortexundergoingbiophysicallyactivated
targeted apoptosis of neocortical callosal projection neurons. We compared the microar-
ray results identifying differentially expressed genes with public databases of embryonic
developmental genes.We ﬁnd that, following activation of subtype-speciﬁc neuronal apop-
tosis, three distinct sets of normal developmental genes are selectively re-expressed in
neocortical regions of induced neurogenesis in young adult mice: (1) genes expressed by
subsets of progenitors and immature neurons in the developing ventricular and/or sub-
ventricular zones; (2) genes normally expressed by developmental radial glial progenitors;
and (3) genes involved in synaptogenesis.Together with previous results, the data indicate
that at least some developmental molecular controls over embryonic neurogenesis can
be re-activated in the setting of induction of neurogenesis in the young adult neocortex,
and suggest that some of these activate and initiate adult neuronal differentiation from
endogenous progenitor populations. Understanding molecular mechanisms contributing
to induced adult neurogenesis might enable directed CNS repair.
Keywords: induced adult neocortical neurogenesis, developmental molecular controls, cortex
INTRODUCTION
There is increasing evidence that elements of the molecular con-
trols over developmental neurogenesis during brain formation
also control homologous aspects of constitutive neurogenesis in
the hippocampal dentate gyrus and olfactory bulb (Magavi et al.,
2005; Sohur et al., 2006; Steele et al., 2006; Alvarez-Buylla et al.,
2008; Suh et al., 2009; Ma et al., 2010; Kempermann, 2011), but
whether the same is true of induction of neurogenesis in nor-
mally non-neurogenic regions is unknown. Substantial progress
has recently been made in understanding molecular controls over
corticogenesis and neocortical neuron subtype-speciﬁc neuroge-
nesis during development (Molyneaux et al., 2007; Leone et al.,
2008; Shoemaker and Arlotta, 2010; Fame et al., 2011; MacDon-
ald et al., 2012). It is increasingly being identiﬁed that there is
remarkable heterogeneity and diversity of partially fate-restricted
progenitors in the developing CNS (Chambers et al., 2001; Hack
et al., 2005; Kohwi et al., 2005; Molyneaux et al., 2005; Wu et al.,
2005; Gal et al., 2006; Costa et al., 2007; Merkle et al., 2007;
Mizutani et al., 2007;Laietal.,2008;Lledoetal.,2008;Azimetal.,
2009a) and that there are lineage- and subtype-speciﬁc molec-
ular controls over the speciﬁcation, differentiation, and ultimate
function of broad classes and distinct subtypes of cortical projec-
tion neurons (Arlotta et al., 2005; Chen et al., 2005; Molyneaux
et al., 2005, 2007; Ozdinler and Macklis, 2006; Sohur et al., 2006;
Alcamo et al., 2008; Britanova et al., 2008; Joshi et al., 2008; Lai
et al., 2008; Azim et al., 2009a,b; Bedogni et al., 2010; Tomassy
et al., 2010; Han et al., 2011; McKenna et al., 2011). Collectively,
these studies are beginning to identify the complex molecular
controls over developmental neurogenesis within the mammalian
neocortex.
In contrast, almost nothing is understood about molecular
controls that might be mechanistically involved in activation
and/or regulation of induced neurogenesis in the adult mam-
malian neocortex (Wang et al., 1998; Magavi et al., 2000; Chen
et al., 2004; Brill et al., 2009). Based on the similarities and con-
served mechanisms identiﬁed by many groups between develop-
mental and adult neurogenesis in the hippocampal dentate gyrus
and olfactory bulb, we hypothesized that there might potentially
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be recapitulation of at least some molecular controls over nor-
mal embryonic neocortical neurogenesis during induced adult
neurogenesis.Wedirectlyinvestigatedthishypothesisviamicroar-
ray analysis of microdissected regions of young adult mouse
neocortex undergoing biophysically activated targeted apoptosis
of neocortical callosal projection neurons (CPN; Macklis, 1993;
Sheen and Macklis, 1995; Hernit-Grant and Macklis, 1996; Wang
et al., 1998; Leavitt et al., 1999; Magavi et al., 2000; Scharff et al.,
2000; Fricker-Gates et al., 2002; Chen et al., 2004). We targeted
CPN as the most abundant projection neuron class maximally
enabling optimal gene expression analysis. These conditions were
previously identiﬁed to result in induction of low-level neuro-
genesis in the neocortex of young adult mice (∼100 newborn
neurons/mm3, 2weeks after induction) by our lab and others
(Magavi et al., 2000; Chen et al., 2004; Brill et al., 2009) and in
the zebra ﬁnch forebrain song system (Scharff et al., 2000). Other
groups have reported complementary results in other normally
non-neurogenic regions – e.g., the hippocampus outside of the
dentate gyrus (Nakatomi et al., 2002) and striatum (Arvidsson
et al., 2002; Parent et al., 2002) – following controlled hypoxia to
produce selective vulnerability and apoptosis in targeted neuron
subtypes. We compared the microarray results identifying dif-
ferentially expressed genes with public databases of embryonic
developmentalgenes.Ourexperimentsenabledirectinvestigation
of potential re-expression of molecular controls from embry-
onic neurogenesis in the setting of induction of adult neocortical
neurogenesis.
MATERIALS AND METHODS
ANIMALS AND EXPERIMENTAL DESIGN
All animal studies were approved by the Massachusetts General
Hospital Institutional Animal Care and Use Committee, and per-
formed in accordance with institutional and federal guidelines.
We focused on the sensorimotor cortex (in the area ∼+1mm
anterior to −1.5mm posterior from bregma – exact start location
dependedonbloodvesselanatomy),andwebiophysicallytargeted
CPN, cortical pyramidal neurons that connect the two cerebral
hemispheres, by unilateral injection of chlorin e6-conjugated ﬂu-
orescent latex nanospheres between postnatal days 1 and 3 inbred
C57/Bl6 mice of either sex (P1–P3; day of birth P0) based on
established protocols (e.g., Magavi et al., 2000). After 8weeks,
subtype-speciﬁc targeted apoptosis of contralateral CPN was ini-
tiated in the experimental mice by near-infrared laser activa-
tion,as previously described (Figures1A,B). Six-hundred seventy
nanometers laser energy was applied to the contralateral sensori-
motor cortex through an ∼2-mm diameter craniotomy directly
contralateral to the initial nanosphere injection site, to induce
synchronous apoptotic degeneration of nanosphere-containing
CPN (Macklis, 1993; Sheen and Macklis, 1995; Magavi et al.,
2000; Chen et al., 2004). Control mice were injected under
the same surgical conditions at the same neonatal age, except
with targeting nanospheres that were not conjugated with chlo-
rin e6; allowed to survive for the same period of time until
8weeks of age; then treated with the same procedural, anesthetic,
and surgical conditions for a photo-exposure step (including
use of the same ﬁberoptic, timing of procedure, and laser light
exposure).
PREPARATION OF TISSUE AND RNA EXTRACTION AND HYBRIDIZATION
Based on previous experiments where we had determined when
maximum induced transcriptional activity occurs in situ after
initiation of biophysical degradation (e.g., Wang et al., 1998),
8days after chlorin e6-mediated CPN apoptosis,mice were deeply
anesthetized, the craniotomy site was exposed, and a 2-mm×2-
mm×0.5-mmsample(enrichingforlayersII/III,andthusexclud-
ing the VZ/subventricular zones, SVZ) of cortex was microdis-
sected from the center of each of the regions of targeted apoptosis
(Figure 1C). Subsequently, mice were euthanized by additional
anesthesia. For each of three biological replicates, microdissected
samples from eight experimental neocortical hemispheres were
collectedandpooled,andcomparedwithmatchedsamplespooled
from eight control mice (total of 24 experimental and 24 con-
trol mice). Each sample was placed in RNAlater (Ambion, Inc.)
immediately after microdissection,and stored at −80˚C.
RNA was extracted using the StrataPrep Total RNA Mini
Kit (Stratagene, La Jolla, CA, USA), and RNA quality was
assessed using a bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA). RNA (10μg of RNA per biological replicate) was
hybridized toAffymetrix GeneChip Murine Genome U74Version
2 [MGU74Av2; contains probes for more than 12,400 transcripts,
coding for 7,000 mouse genes and 5,000 expressed sequence tags
(ESTs)] according to the manufacturer’s protocol (Affymetrix;
Santa Clara, CA, USA) and as previously described (Figure 1D;
Arlotta et al.,2005).
TRANSCRIPTOME ANALYSIS OF REGIONS UNDERGOING INDUCED
NEUROGENESIS IN THE YOUNG ADULT MOUSE
Wecombinedtwostatisticalapproaches,andintegratedtheresults
to optimize rigor,and raise conﬁdence in gene expression changes
that were identiﬁed.
Statistical analysis of microarrays
Toidentifygenesthataredifferentiallyexpressedinregionsunder-
going induced adult neurogenesis with very high conﬁdence, we
used two different approaches to analyze the Affymetrix data. In
the ﬁrst, we applied the robust multi-array average (RMA) func-
tion within Bioconductor (Irizarry et al., 2003), and the “Error
Model” method within Rosetta Resolver (version 5.0, Rosetta
Biosoftware, Seattle, WA, USA). Statistical signiﬁcance of gene
expression differences between control and experimental tissue
expression was determined using statistical analysis of microar-
rays (SAM; Tusher et al., 2001). We used a P-value of <0.05 as a
ﬁlter for differentially expressed genes.
Multivariate analysis of variance (linear modeling; MANOVA)
To even more stringently analyze the results, we subjected the
six .CEL ﬁles to GC-content-based robust multi-array average
(GCRMA) normalization (Irizarry et al., 2003). Expression levels
were log (base 2) transformed. The number of genes was reduced
from12,488to4,349byrequiringa“presencecall”foratleast50%
in a group of samples classiﬁed by experimental treatment. All
calculations were done using R and Bioconductor computational
tools(Gentleman,2005).Toidentifydifferentiallyexpressedgenes
between groups of samples, we applied the multivariate analysis
of variance approach (also known as linear modeling; MANOVA)
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to ﬁt gene expression levels (log2 transformed) according to the
deﬁned groups of samples and Bayesian posterior error analysis
(Smyth, 2004). Genes that exhibited a P-value≤0.05 and fold
changegreaterthan1.5wereconsideredsigniﬁcantlydifferentially
expressed.
COMPARING THE INDUCED ADULT NEUROGENESIS DATASET WITH
DEVELOPING NEOCORTEX TRANSCRIPTOME DATA
Gene expression in neural progenitors from developing mouse
cortex has been proﬁled by other groups (Pinto et al., 2008;
Sanosaka et al., 2008). The deposited .CEL ﬁles of the
Affymetrix raw data from these publications were accessed at the
NationalCenterforBiotechnologyInformation’sGeneExpression
Omnibus (GEO)1.
Genes differentially expressed between early- and mid-neocortical
neurogenesis
The Nakashima laboratory previously compared expression pro-
ﬁlinginneuralstem/progenitorcellcultures(“NSC”)of thetelen-
cephalon from mouse embryonic day (E) 11.5 (early neocortical
neurogenesis)andE14.5(mid-neocorticalneurogenesis;Sanosaka
et al.,2008; GEO Accession Number: GSE10796).
Genes differentially expressed in radial glia subtypes
Gotzandcolleaguesusedamouselinethatexpressesgreenﬂuores-
centprotein(GFP)drivenbyahumanglialﬁbrillaryacidicprotein
(hGFAP) promoter to proﬁle gene expression by radial glial sub-
types (Pinto et al., 2008; GEO Accession Number: GSE8034). At
E14.5, during the mid-neurogenic phase in the neocortex, essen-
tially all GFAP positive cells are radial glia. Two subtypes of radial
glia were isolated in the cortical prominin positive (CD133+;
1http://www.ncbi.nlm.nih.gov/gds
ventricular neural cell precursors) population by FACS: those
that expressed high levels of GFAP (i.e., CD133+GFAPhi), and
those that expressed low levels of GFAP (CD133+GFAPlow).
Because these experiments investigated gene expression in high-
level GFAP-expressing cells, we added Gfap to this dataset as a
“differentially”expressed gene.
A gene list for each individual dataset was generated using
MANOVA/linear modeling analysis approach.
IN SITU HYBRIDIZATION IMAGES
Fromtheanalysisabove,wesearchedestablisheddatabasesof gene
expressiontoidentifyrepresentativepatternsof expressionfortar-
get genes, primarily using the Eurexpress/Genepaint consortium2
(Visel et al., 2004). Sagittal E14.5 mouse in situ hybridization
images are shown in Figure 2: Cry2 (T50260); Litaf (T31645);
Myo10 (T36658); Nelf (T5943).
RESULTS
We identiﬁed genes differentially expressed in regions of induced
neurogenesisintheneocortexof youngadultmice.Speciﬁcally,we
ﬁnd that regions of young adult neocortex undergoing induction
of neurogenesis differentially express genes that are active dur-
ing normal development in neural precursors and radial glia, and
during synaptogenesis. These data suggest that some normal neo-
cortical developmental molecular controls are re-activated during
induced young adult neocortical neurogenesis.
We identiﬁed differentially expressed genes by comparative
transcriptional proﬁling and analysis between microdissected
regions undergoing induction of young adult cortical neuroge-
nesisandmatchedcontrolregions.Thetwoanalysisandstatistical
approaches employed both indicated that genes previously identi-
ﬁedasspeciﬁcallyexpressedduringnormalforebraindevelopment
2http://www.eurexpress.org/ee/intro.html
FIGURE 1 | Genes involved in developmental neocortical neurogenesis
are differentially expressed in regions of induced young adult neocortical
neurogenesis. (A–E) Approach to identify differentially expressed genes in
regions of induced young adult neurogenesis. (A) Coronal representation of a
mouse brain, indicating site of injection (red arrows) of chlorin e6-conjugated
nanospheres into mice at postnatal day 1–3 (P1–P3; day of birth P0) to label
callosal projection neurons (CPN; red somas in right cortex). Dashed box
represents the area of focus in (B,C). (B) Photoactivation of chlorin
e6-conjugated nanospheres within the lysosomes of CPN to induce apoptotic
CPN degeneration at 8weeks of age. (C,D) Microdissection and microarray
comparative differential gene expression analysis of regions of induced young
adult neurogenesis and control tissue. (E) 107 genes were identiﬁed as
differentially expressed in regions of induced young adult neurogenesis. (F)
Genes differentially expressed in regions of induced young adult neurogenesis
in common with genes expressed in mid-neurogenesis in neural progenitor
cell culture. (G) Genes expressed in regions of induced young adult
neurogenesis in common with genes expressed by developmental radial glia.
The genes indicated in purple are those shown in Figure 2.
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FIGURE 2 | Genes differentially re-expressed in regions of induced young
adult neurogenesis previously not speciﬁcally identiﬁed to be expressed
during neocortical development. (A–D) Sagittal sections of in situ
hybridization of embryonic day (E) 14.5 mouse obtained from the publicly
available Genepaint/Eurexpress consortium (data presented with permission).
Insets to the right in each panel are higher magniﬁcation views of the boxed
areas in the main images; these are denoted by the corresponding lower-case
letter. (A) Cry2 is predominantly expressed in the developing cortical plate.
Litaf (B) and Myo10 (C) are expressed strongly in the ventricular zone. (D)
Nelf is highly expressed in the developing cortical plate, and also diffusely
throughout the thickness of the cortex. cp, cortical plate; vz, ventricular zone.
Scale bars, 100μm. See text for details.
are re-activated during induced young adult neocortical neuro-
genesis. These include genes previously identiﬁed as expressed
by developmental neural progenitors (Sanosaka et al., 2008) and
developmental radial glia (Pinto et al., 2008). We then accessed
publicly available in situ hybridization expression databases to
identify which of these genes are regionally expressed in the
germinal zone (VZ, SVZ) of the developing neocortex.
DIFFERENTIALLY EXPRESSED GENES IN REGIONS UNDERGOING
INDUCED YOUNG ADULT NEOCORTICAL NEUROGENESIS
The SAM method identiﬁed 83 genes differentially expressed in
regions of induced young adult neocortical neurogenesis, while
theMANOVAmethodidentiﬁed55differentiallyexpressedgenes;
31 genes were common to both analyses. Together, the results of
both transcriptome analyses identiﬁed 107 genes as differentially
expressed (either over- or under-expressed) in regions of induced
young adult neocortical neurogenesis (Figure 1E; Table A1 in
Appendix). These genes likely have relatively high degrees of dif-
ferential expression that can be detected even from heterogeneous
tissue. This very focused set of differentially expressed genes rein-
forcesthespeciﬁcityof geneactivationinthissystem,andsuggests
that many are likely critical in induced young adult neurogenesis.
GENES DIFFERENTIALLY EXPRESSED IN REGIONS OF INDUCED YOUNG
ADULT NEOCORTICAL NEUROGENESIS IN COMMON WITH MURINE
DEVELOPING NEOCORTICAL TRANSCRIPTOME DATABASES
Radial glial genes are expressed in regions of induced young adult
neurogenesis
We ﬁrst analyzed the previously published datasets for
CD133+GFAPhi vs. CD133+GFAPlow murine radial glia at
E14.5 (Pinto et al., 2008) and identiﬁed over 1,200 genes
differentially expressed between these populations (data not
shown). Nineteen genes were common between those differen-
tiallyexpressedinregionsof inducedyoungadultneocorticalneu-
rogenesis and this radial glia dataset (Figure 1G); this represents
Table 1 | Genes differentially expressed in regions of induced young
adult neurogenesis that are associated with and expressed by
developmental radial glia.
Gene Description Fold change P-value
Fabp7 Lipid transporter 1.53 0.02
Gfap Cytoskeletal protein 3.93 2.98×10−3
∼ 20% of the differentially expressed genes in regions of induced
adult neocortical neurogenesis. Two well-known radial glia genes
standout:Fabp7 (alsoknownasBlbp;Rousselotetal.,1997;Hart-
fuss et al.,2001; Zimmerman andVeerkamp,2002;Anthony et al.,
2004; Arai et al., 2005) and Gfap (Leavitt et al., 1999; Shapiro
et al., 2005; Emsley and Macklis, 2006; Chojnacki et al., 2009;
Table 1). These results reinforce that radial glial-like progenitors
likely contribute to induced neocortical neurogenesis.
Developmental synaptogenic genes are expressed in regions of
induced young adult neurogenesis
Sanosaka et al. (2008) compared neural progenitor cell cultures
generatedfrommousetelencephalonatE11.5vs.E14.5.Ouranaly-
sis of their raw Affymetrix dataset revealed over 1,300 genes as
differentially expressed between these two types of cultures (data
not shown). Twenty-three of the differentially expressed genes
in regions of induced young adult neocortical neurogenesis are
common to this developmental progenitor dataset (Figure 1F):
∼23% of our dataset of differentially expressed genes in regions
of induced young adult neocortical neurogenesis. Of these, it is
interesting to note that several genes are known to be involved
in synaptogenesis and/or maintenance of synapses, e.g., Abca1
(Hirsch-Reinshagen et al., 2004; Kim et al., 2008; Karasinska
et al., 2009); Apoe (Masliah et al., 1995; Hirsch-Reinshagen et al.,
2004; Wahrle et al., 2004); C1qa, C1qb, and C1qc (Stevens et al.,
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2007); Ctsd (Mariani et al., 2006; Partanen et al., 2008); Syngr1
(Belizaire et al., 2004; Verma et al., 2004), and Tyrobp (a.k.a.
Dap12/Karap; Roumier et al., 2004; Nataf et al., 2005; Table 2).
These results strongly suggest that induced young adult neuroge-
nesisinvolvesactiveplasticchangesofsynapseformation,pruning,
and/or reorganization.
IDENTIFICATION OF GENES DIFFERENTIALLY EXPRESSED IN REGIONS
OF INDUCED YOUNG ADULT NEUROGENESIS THAT HAVE NOT
PREVIOUSLY BEEN STUDIED IN NEOCORTICAL DEVELOPMENT, BUT
ARE EXPRESSED IN DEVELOPING CORTICAL VENTRICULAR ZONE AND
CORTICAL PLATE
From our dataset of 107 genes, we identiﬁed genes (e.g., Cry2,
Litaf,Myo10,and Nelf; Table 3) previously not studied in the neo-
cortex, that are interestingly expressed regionally in the cortex
at E14.5 (Figures 2A–D). Litaf and Myo10 are expressed in the
ventricular zone, and Cry2 and Nelf are expressed in the corti-
cal plate. These results suggest homology of potential molecular
mechanismsbetweendevelopmentalneocorticalneurogenesisand
induced young adult neocortical neurogenesis.
DISCUSSION
Inthisreport,weprovideevidenceatthelevelofmicroarrayanaly-
sisthatatleastsomedevelopmentalmolecularcontrolsoverdevel-
opmental neurogenesis are re-activated in the setting of induction
of neurogenesis in the young adult neocortex. Although mouse
strain differences in adult neurogenesis are present in details
of timing and magnitude of response (Schauwecker, 2006), the
results in our report are generalizable. Speciﬁcally, we ﬁnd at the
Table 2 | Genes differentially expressed in regions of induced young
adult neurogenesis known to be involved in synaptic development,
function, and plasticity.
Gene Signiﬁcance Fold change P-value
Abca1 Lipid transporter 3.40 1.04×10−3
Apoe Lipid transporter 1.20 4.00×10−4
C1qa Cell–cell signaling 2.77 0.01
C1qb Cell–cell signaling 2.48 1.50×10−3
C1qc Cell–cell signaling 2.23 0.01
Ctsd Protease 1.62 0.03
Syngr1 Presynaptic vesicle integral
membrane protein
2.71 3.30×10−4
Tyrobp Transmembrane signal trans-
ducing peptide
2.39 4.84×10−4
Table 3 | Genes differentially expressed in regions of induced young
adult neurogenesis not previously studied in the neocortex, but
expressed in the developmental neocortical ventricular zone,
subventricular zone, and cortical plate.
Gene Signiﬁcance Fold change P-value
Cry2 Lipid metabolism 2.24 3.27×10−3
Litaf Transcription factor 1.57 0.01
Myo10 Cytoskeletal protein 1.96 3.11×10−3
Nelf Axon guidance 3.85 0.03
microarray level that genes normally expressed in the developing
ventricularand/orSVZ,radialglialprogenitors,andgenesinvolved
in synaptogenesis are selectively re-expressed at the microarray
level in neocortical regions of induced young adult neurogenesis.
Inaddition,weidentifydifferentialexpressionof severalgenesnot
previously identiﬁed as expressed in the developing neocortex.
NINETEEN GENES CONNECTED TO RADIAL GLIA AND RADIAL GLIAL
PROGENITOR FUNCTION ARE DIFFERENTIALLY EXPRESSED BY
MICROARRAY ANALYSIS IN REGIONS OF INDUCED YOUNG ADULT
NEOCORTICAL NEUROGENESIS
Radial glia are critical components of the developing cerebral
cortex, both as cellular scaffolds along which newly born pro-
jection/pyramidal neurons migrate to their ﬁnal positions, and
as neural progenitors during later stages of cortical development
(Hartfuss et al., 2001; Noctor et al., 2001; Gotz et al., 2002) and
in other regions of the telencephalon such as the ganglionic emi-
nences (Anthony et al., 2004; Chojnacki et al., 2009). Our analy-
sis identiﬁed the re-expression of multiple genes associated and
functionally connected with radial glial/progenitor and neuron
migration roles in cortical development.
For example, fatty acid binding protein 7 (Fabp7)/brain lipid
bindingprotein(Blbp;ZimmermanandVeerkamp,2002)andglial
acidicﬁbrillaryprotein(Gfap)werebothidentiﬁedasdifferentially
expressed in regions activated to undergo induced neurogenesis.
Fabp7/Blbp is expressed during development exclusively by radial
glia and astrocytes (Anthony et al., 2004). It has been proposed
that Fabp7/Blbp has a role in adult neurogenesis,since it is heavily
expressed in the adult canary brain, which exhibits high levels of
neurogenesis (Rousselot et al., 1997). Prior work from our lab-
oratory (Hernit-Grant and Macklis, 1996) identiﬁed that stellate
astrogliapartiallyde-differentiateinto∼150μmlongradialgliain
the setting of targeted apoptosis and migration of immature neu-
rons, potentially a cellular population re-expressing Fabp7/Blbp.
Expressionbyactivatedradialglial-likeprogenitorsisanotherpos-
sibility. GFAP is a major intermediate ﬁlament protein expressed
by radial glia and astroglia; it is used as a marker for astroglia dur-
ing development and when activated. It is also expressed in the
adult SVZ where GFAP-expressing“SVZ astrocytes”are multipo-
tent neural progenitors (Doetsch et al.,1999;Alvarez-Buylla et al.,
2001; Seri et al., 2001; Chojnacki et al., 2009). Upregulation of
Gfap might represent activation or proliferation of radial glia or
radialglia-likeneuralprogenitorsinregionsof inducedadultneu-
rogenesis. Our previous work (e.g., Macklis, 1993) indicates that
Gfap expressionisunlikelytobeduetogliosisinthisbiophysically
activated targeted apoptosis leading to induction of neurogenesis.
Also of note, the U74Av2 Affymetrix microarray we utilized does
not contain the probe sets for Glast, another important marker
for radial glia; in this microarray analysis, it would have been
interesting to investigate its expression in the experimental tissue.
INCREASED EXPRESSION BY MICROARRAY ANALYSIS OF
SYNAPSE-RELATED GENES IN REGIONS OF INDUCED YOUNG ADULT
NEUROGENESIS
Our analysis also identiﬁed the increased expression of mul-
tiple genes associated with formation and maintenance of
synapses during initial cortical development. Development and
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stabilization of new synapses is predicted in regions of induced
adult neurogenesis, and is consistent with much prior work in
the ﬁeld (Magavi et al., 2000, 2005; Scharff et al., 2000; Fricker-
Gates et al., 2002). As examples, we highlight three differentially
expressedgenes/genegroupsinvolvedinsynapsedevelopmentand
maintenance.
Barres and colleagues identiﬁed that C1q, in addition to its
known role in the immune complement cascade, is also impor-
tant in eliminating and shaping synapses (Stevens et al.,2007).All
of the three components of C1q (C1qa, C1qb, C1qc) are differ-
entially over-expressed in regions of induced adult neurogenesis
(Figure 1F).
Synaptotagmin 1 (Syt1) is also differentially over-expressed in
regions of induced young adult neurogenesis. It is a member of
the synaptotagmin family of integral membrane proteins that are
located on synaptic vesicles, and is important for neurotransmit-
ter release. These data are consistent with the generation of new
synapses onto and by newly incorporated neurons.
Tyrobp (Karap/Dap-12), a gene related to the CD3ζ signaling
polypeptideassociatedwiththeT-cellreceptor,isalsodifferentially
expressed in regions of induced young adult neurogenesis. Tyrobp
is critical to synaptic function through its action in microglia,
in which it is expressed (Roumier et al., 2004). Mice deﬁcient in
Tyrobp havedecreasedpostsynapticAMPAreceptorGluR2 expres-
sion,withsubstantialeffectsonsynapticplasticity(Roumieretal.,
2004; Nataf et al., 2005). Tyrobp differential expression is consis-
tent with new synapse formation, establishment, and plasticity in
the setting of induced adult neocortical neurogenesis.
Taken together, the differential over-expression of several
synapse-related genes reinforces the interpretation that synapto-
genesis is ongoing in the setting of induced adult neurogenesis.
Both formation of synapses onto newborn neurons, and forma-
tion of new synapses by those neurons, might jointly account for
the increase in synaptogenic genes following induction of adult
neurogenesis.
GENES DIFFERENTIALLY RE-EXPRESSED BY MICROARRAY ANALYSIS IN
REGIONS OF INDUCED YOUNG ADULT NEUROGENESIS PREVIOUSLY
NOT SPECIFICALLY IDENTIFIED TO BE EXPRESSED DURING
NEOCORTICAL DEVELOPMENT
Other genes identiﬁed as differentially over-expressed in regions
activated to undergo induced neocortical neurogenesis were pre-
viously not recognized to be expressed in the developing cortex.
We searched gene expression databases and the primary literature
regarding these genes in other systems or CNS regions, reveal-
ing their expression in progenitors and developing neurons of
the cortical plate. Their regional and temporal expression during
corticogenesis, combined with their differential over-expression
in the setting of induced young adult neocortical neurogenesis,
suggest the re-expression of these genes as functional in corti-
cal development and both developmental and adult neurogenesis.
Four examples of such genes are Cry2, Litaf, Myo10, and Nelf.
Identiﬁcation of these genes as both highly expressed during
initial corticogenesis in developing VZ/SVZ and cortical plate,
and during induction of adult neocortical neurogenesis, suggests
functional linkage between developmental and induced cortical
neurogenesis.
Cryptochrome 2 (Cry2)
Cry2 has been described as a circadian clock gene (Ishida, 2007),
butweidentifyitfromthepubliclyavailableGenepaint/Eurexpress
consortium to be expressed strongly in the cortical plate at E14.5
(Figure 2A). This suggests potential function for Cry2 dur-
ing developmental corticogenesis, and during induced cortical
neurogenesis.
Lipopolysaccharide-induced TNF factor (Litaf)
Litaf is expressed strongly in the neocortical germinal zone at
E14.5 (Figure 2B), again suggesting function in developmen-
tal and young adult cortical neurogenesis, in addition to pre-
viously identiﬁed function in other systems. Litaf mutations
result in the peripheral neuropathy syndrome Charcot–Marie–
Tooth (CMT)1c, which accounts for between 1 and 2% of all
CMT1 (Street et al., 2003; Bird, 2010). The biological function of
lipopolysaccharide-inducedTNFfactor(LITAF)isnotwellunder-
stood.Itwasoriginallyclonedasatranscriptionfactormodulating
the tumor necrosis factor-α (TNFα)g e n e( Polyak et al., 1997;
Myokai et al.,1999),but it has also been found to encode a lysoso-
malprotein(Moriwakietal.,2001).Litaf hasnotbeeninvestigated
regarding potential function in cortical development. It would be
of interesttodeterminewhetherLitaf hasacriticalfunctionalrole
during developmental corticogenesis, and, if so, whether it func-
tions through the TNF signaling pathway, as a lysosomal protein,
or by another mechanism.
Myosin 10 (Myo10)
Myo10 was also identiﬁed as differentially over-expressed in the
setting of induction of young adult neocortical neurogenesis.
Myo10 is a member of the myosin family of molecular motors.
We identiﬁed from Genepaint/Eurexpress that it exhibits strong
expressionintheneocorticalgerminalzone(Figure2C).Recently,
a shorter version of Myo10 that does not contain the stereotypi-
cal “head” that allows these proteins to act as molecular motors
was shown to be expressed by CNS neurons during develop-
ment (Sousa et al., 2006). It would be of interest to investigate
the speciﬁc isoform(s) expressed in the developmental germinal
zone to gain insight into potential function during developmental
neurogenesis.
Nasal embryonic LHRH factor (Nelf)
We also identiﬁed Nelf as differentially over-expressed in the set-
ting of young adult neocortical neurogenesis, and from Gene-
paint/Eurexpress as being strongly expressed in the cortical plate
(Figure 2D). Nelf is known as a guidance molecule previously
reported to be responsible for axonal outgrowth of olfactory neu-
rons (McTavish et al., 2007). It would be of interest to investigate
potential function(s) during developmental and induced adult
neurogenesis.
MOLECULAR CONTROLS AND MECHANISMS EXPRESSED DURING
DEVELOPMENTAL CORTICOGENESIS ARE RE-EXPRESSED BY
MICROARRAY ANALYSIS IN REGIONS OF INDUCED YOUNG ADULT
NEUROGENESIS
Taken together, these experiments and analysis demonstrate that
multiple molecular controls and likely functional mechanisms
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active during normal developmental neurogenesis are re-
expressed during induced neurogenesis in the neocortex. Genes
implicated in developmental neocortical neurogenesis, synap-
togenesis, and radial glial progenitor and migrational func-
tion are re-expressed with induction of young adult neocortical
neurogenesis.
Finally,itisimportanttonotethatnon-mutuallyexclusivepos-
sibilities exist that together might contribute to the induction
of neurogenesis of neurons ultimately residing in neocortex in
experiments parallel to those reported here. Progenitors (quite
possibly distinct subsets of the much broader set of SVZ progen-
itors) appear to be activated and mobilized from the young adult
SVZ (as reported in Magavi et al., 2000). Additionally, popula-
tions of intra-parenchymal progenitors that have been identiﬁed
bymultiplegroupsmightcontributethroughmorelocalactivation
and differentiation (indirect evidence suggesting this possibility
in addition to SVZ activation was also presented in Magavi et al.,
2000). The targeted neurons themselves, of course, will alter their
gene expression. Beyond these populations,there are other popu-
lationsofgliaandothercellsthatcanregulatetheirgeneexpression
in the microenvironment.
Future studies could elucidate function(s) and mechanism(s)
of these genes, proteins, and pathways. It appears likely that
fundamental mechanisms are shared during neurogenesis in the
developing and adult CNS.
ACKNOWLEDGMENTS
We thank Vitek Lipski for technical assistance. We thank the
NationalCenterforBiotechnologyInformation’sGeneExpression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/sites/entrez), and
the Eurexpress/Genepaint consortium (http://www.eurexpress.
org/ee/intro.html)publiclyavailabledatabasesforgenerouslypro-
viding free access to their important data. This work was partially
supported by the National Institutes of Health (grants NS49553
and NS45523), the Harvard Stem Cell Institute, the Jane and Lee
SeidmanFundforCNSResearch,andtheEmilyandRobertPearl-
stein Fund for Nervous System Repair (Jeffrey D. Macklis), with
additional infrastructure support by National Institutes of Health
grant NS41590 (Jeffrey D. Macklis). Paola Arlotta was partially
supportedbyaWillsFoundationFellowship.U.ShivrajSohurwas
partially supported by a seed grant from the Harvard Stem Cell
Institute.
REFERENCES
Alcamo, E. A., Chirivella, L., Dautzen-
berg, M., Dobreva, G., Farinas, I.,
Grosschedl,R.,and Mcconnell,S. K.
(2008). Satb2 regulates callosal pro-
jection neuron identity in the devel-
oping cerebral cortex. Neuron 57,
364–377.
Alvarez-Buylla, A., Garcia-Verdugo, J.
M., and Tramontin, A. D. (2001). A
uniﬁed hypothesis on the lineage of
neural stem cells. Nat. Rev. Neurosci.
2, 287–293.
Alvarez-Buylla, A., Kohwi, M., Nguyen,
T. M., and Merkle, F. T. (2008).
The heterogeneity of adult neural
stem cells and the emerging com-
plexity of their niche. Cold Spring
Harb. Symp. Quant. Biol. 73,
357–365.
Anthony,T.E.,Klein,C.,Fishell,G.,and
Heintz, N. (2004). Radial glia serve
asneuronalprogenitorsinallregions
of the central nervous system. Neu-
ron 41, 881–890.
Arai, Y., Funatsu, N., Numayama-
Tsuruta, K., Nomura, T., Nakamura,
S., and Osumi, N. (2005). Role of
Fabp7, a downstream gene of Pax6,
in the maintenance of neuroepithe-
lial cells during early embryonic
development of the rat cortex. J.
Neurosci. 25, 9752–9761.
Arlotta, P., Molyneaux, B. J., Chen,
J., Inoue, J., Kominami, R., and
Macklis, J. D. (2005). Neuronal
subtype-speciﬁc genes that con-
trol corticospinal motor neuron
development in vivo. Neuron 45,
207–221.
Arvidsson, A., Collin, T., Kirik, D.,
Kokaia, Z., and Lindvall, O. (2002).
Neuronalreplacementfromendoge-
nous precursors in the adult brain
after stroke. Nat. Med. 8, 963–970.
Azim,E.,Jabaudon,D.,Fame,R.M.,and
Macklis, J. D. (2009a). SOX6 con-
trols dorsal progenitor identity and
interneuron diversity during neo-
cortical development. Nat. Neurosci.
12, 1338–1347.
Azim, E., Shnider, S. J., Cederquist,
G. Y., Sohur, U. S., and Mack-
lis, J. D. (2009b). Lmo4 and
Clim1 progressively delineate corti-
cal projection neuron subtypes dur-
ing development. Cereb. Cortex 19,
i62–i69.
Bedogni, F., Hodge, R. D., Elsen, G. E.,
Nelson, B. R., Daza, R. A., Beyer, R.
P., Bammler, T. K., Rubenstein, J. L.,
and Hevner, R. F. (2010). Tbr1 reg-
ulates regional and laminar identity
of postmitotic neurons in develop-
ing neocortex. Proc. Natl. Acad. Sci.
U.S.A. 107, 13129–13134.
Belizaire, R., Komanduri, C., Wooten,
K.,Chen,M.,Thaller,C.,andJanz,R.
(2004). Characterization of synap-
togyrin 3 as a new synaptic vesi-
cle protein. J. Comp. Neurol. 470,
266–281.
Bird, T. D. (2010). “Charcot-Marie-
Tooth neuropathy type 1,” in Gene
Reviews, eds R. A. Pagon, T. C. Bird,
and K. Stephens (Seattle, WA: Uni-
versity of Washington), Bookshelf
ID: NBK1374.
Brill, M. S., Ninkovic, J., Winpenny,
E., Hodge, R. D., Ozen, I., Yang,
R., Lepier, A., Gascon, S., Erdelyi,
F., Szabo, G., Parras, C., Guille-
mot, F., Frotscher, M., Berninger,
B., Hevner, R. F., Raineteau, O.,
and Gotz, M. (2009). Adult gen-
eration of glutamatergic olfactory
bulbinterneurons.Nat.Neurosci.12,
1524–1533.
Britanova,O.,DeJuanRomero,C.,Che-
ung, A., Kwan, K. Y., Schwark, M.,
Gyorgy, A., Vogel, T., Akopov, S.,
Mitkovski, M., Agoston, D., Sestan,
N., Molnar, Z., and Tarabykin, V.
(2008). Satb2 is a postmitotic deter-
minantforupper-layerneuronspec-
iﬁcation in the neocortex. Neuron
57, 378–392.
Chambers, C. B., Peng, Y., Nguyen,
H., Gaiano, N., Fishell, G., and
Nye, J. S. (2001). Spatiotem-
poral selectivity of response to
Notch1 signals in mammalian fore-
brain precursors. Development 128,
689–702.
Chen, B., Schaevitz, L. R., and
Mcconnell, S. K. (2005). Fezl reg-
ulates the differentiation and axon
targeting of layer 5 subcortical pro-
jection neurons in cerebral cortex.
Proc. Natl. Acad. Sci. U.S.A. 102,
17184–17189.
Chen, J., Magavi, S. S., and Macklis,
J. D. (2004). Neurogenesis of cor-
ticospinal motor neurons extend-
ing spinal projections in adult mice.
Proc. Natl. Acad. Sci. U.S.A. 101,
16357–16362.
Chojnacki, A. K., Mak, G. K., and
Weiss, S. (2009). Identity crisis for
adult periventricular neural stem
cells: subventricular zone astrocytes,
ependymal cells or both? Nat. Rev.
Neurosci. 10, 153–163.
Costa, M. R., Kessaris, N., Richardson,
W. D., Gotz, M., and Hedin-Pereira,
C. (2007). The marginal zone/layer
I as a novel niche for neuroge-
nesis and gliogenesis in develop-
ing cerebral cortex. J. Neurosci. 27,
11376–11388.
Doetsch, F., Caille, I., Lim, D. A.,
Garcia-Verdugo, J. M., and Alvarez-
Buylla, A. (1999). Subventricular
zone astrocytes are neural stem cells
in the adult mammalian brain. Cell
97, 703–716.
Emsley, J. G., and Macklis, J. D.
(2006). Astroglial heterogeneity
closely reﬂects the neuronal-
deﬁned anatomy of the adult
murine CNS. Neuron Glia Biol. 2,
175–186.
Fame, R. M., Macdonald, J. L., and
Macklis, J. D. (2011). Develop-
ment, speciﬁcation, and diversity of
callosal projection neurons. Trends
Neurosci. 34, 41–50.
Fricker-Gates, R. A., Shin, J. J., Tai,
C. C., Catapano, L. A., and Mack-
lis, J. D. (2002). Late-stage imma-
ture neocortical neurons recon-
struct interhemispheric connections
and form synaptic contacts with
increased efﬁciency in adult mouse
cortex undergoing targeted neu-
rodegeneration. J. Neurosci. 22,
4045–4056.
Gal, J. S., Morozov, Y. M., Ayoub, A. E.,
Chatterjee,M.,Rakic,P.,andHaydar,
T. F. (2006). Molecular and mor-
phological heterogeneity of neural
precursors in the mouse neocortical
proliferative zones. J. Neurosci. 26,
1045–1056.
Gentleman, R. (2005). Reproducible
research:abioinformaticscasestudy.
Stat. Appl. Genet. Mol. Biol. 4, Arti-
cle 2.
www.frontiersin.org February 2012 | Volume 6 | Article 12 | 7Sohur et al. Developmental genes during induced neurogenesis
Gotz, M., Hartfuss, E., and Malatesta,
P. (2002). Radial glial cells as neu-
ronal precursors: a new perspective
on the correlation of morphology
and lineage restriction in the devel-
oping cerebral cortex of mice. Brain
Res. Bull. 57, 777–788.
Hack,M. A.,Saghatelyan,A.,De Chevi-
gny,A.,Pfeifer,A.,Ashery-Padan,R.,
Lledo, P. M., and Gotz, M. (2005).
Neuronal fate determinants of adult
olfactory bulb neurogenesis. Nat.
Neurosci. 8, 865–872.
Han,W., Kwan, K. Y., Shim, S., Lam, M.
M., Shin, Y., Xu, X., Zhu, Y., Li, M.,
andSestan,N.(2011).TBR1directly
represses Fezf2 to control the lami-
nar origin and development of the
corticospinal tract. Proc. Natl. Acad.
Sci. U.S.A. 108, 3041–3046.
Hartfuss, E., Galli, R., Heins, N., and
Gotz,M.(2001).Characterizationof
CNS precursor subtypes and radial
glia. Dev. Biol. 229, 15–30.
Hernit-Grant, C. S., and Macklis, J. D.
(1996). Embryonic neurons trans-
planted to regions of targeted pho-
tolytic cell death in adult mouse
somatosensory cortex re-form spe-
ciﬁc callosal projections. Exp. Neu-
rol. 139, 131–142.
Hirsch-Reinshagen, V., Zhou, S.,
Burgess, B. L., Bernier, L., Mcisaac,
S. A., Chan, J. Y., Tansley, G. H.,
Cohn, J. S., Hayden, M. R., and
Wellington, C. L. (2004). Deﬁciency
of ABCA1 impairs apolipoprotein E
metabolism in brain. J. Biol. Chem.
279, 41197–41207.
Irizarry, R. A., Hobbs, B., Collin, F.,
Beazer-Barclay, Y. D., Antonellis,
K. J., Scherf, U., and Speed, T.
P. (2003). Exploration, normaliza-
tion, and summaries of high den-
sityoligonucleotidearrayprobelevel
data. Biostatistics 4, 249–264.
Ishida, N. (2007). Circadian clock, can-
cer and lipid metabolism. Neurosci.
Res. 57, 483–490.
Joshi, P. S., Molyneaux, B. J., Feng, L.,
Xie, X., Macklis, J. D., and Gan, L.
(2008). Bhlhb5 regulates the post-
mitotic acquisition of area identi-
ties in layers II-V of the developing
neocortex. Neuron 60, 258–272.
Karasinska, J. M., Rinninger, F., Lutjo-
hann, D., Ruddle, P., Franciosi, S.,
Kruit, J. K., Singaraja, R. R., Hirsch-
Reinshagen, V., Fan, J., Brunham, L.
R., Bissada, N., Ramakrishnan, R.,
Wellington, C. L., Parks, J. S., and
Hayden, M. R. (2009). Speciﬁc loss
of brainABCA1increasesbraincho-
lesterol uptake and inﬂuences neu-
ronalstructureandfunction.J.Neu-
rosci. 29, 3579–3589.
Kempermann, G. (2011). Seven prin-
ciples in the regulation of adult
neurogenesis. Eur. J. Neurosci. 33,
1018–1024.
Kim, W. S., Weickert, C. S., and Gar-
ner, B. (2008). Role of ATP-binding
cassette transporters in brain lipid
transport and neurological disease.
J. Neurochem. 104, 1145–1166.
Kohwi, M., Osumi, N., Rubenstein, J.
L., and Alvarez-Buylla, A. (2005).
Pax6 is required for making spe-
ciﬁc subpopulations of granule and
periglomerularneuronsintheolfac-
torybulb.J.Neurosci.25,6997–7003.
Lai, T., Jabaudon, D., Molyneaux, B.
J., Azim, E., Arlotta, P., Menezes,
J. R., and Macklis, J. D. (2008).
SOX5 controls the sequential gener-
ationof distinctcorticofugalneuron
subtypes. Neuron 57, 232–247.
Leavitt, B. R., Hernit-Grant, C. S., and
Macklis, J. D. (1999). Mature astro-
cytes transform into transitional
radial glia within adult mouse neo-
cortex that supports directed migra-
tion of transplanted immature neu-
rons. Exp. Neurol. 157, 43–57.
Leone, D. P., Srinivasan, K., Chen, B.,
Alcamo, E., and Mcconnell, S. K.
(2008). The determination of pro-
jection neuron identity in the devel-
oping cerebral cortex. Curr. Opin.
Neurobiol. 18, 28–35.
Lledo, P. M., Merkle, F. T., and Alvarez-
Buylla, A. (2008). Origin and func-
tion of olfactory bulb interneu-
ron diversity. Trends Neurosci. 31,
392–400.
Ma, D. K., Marchetto, M. C., Guo, J.
U., Ming, G. L., Gage, F. H., and
Song, H. (2010). Epigenetic choreo-
graphersofneurogenesisintheadult
mammalianbrain.Nat.Neurosci.13,
1338–1344.
MacDonald, J. L., Fame, R. M., Azim,
E., Shnider, S. J., Molyneaux, B. J.,
Arlotta,P.,and Macklis,J. D. (2012).
“Speciﬁcation of cortical projec-
tion neurons: transcriptional mech-
anisms,” in Developmental Neuro-
science: A Comprehensive Reference,
eds P. Rakic and J. L. Rubenstein
(Oxford: Elsevier).
Macklis,J.D.(1993).Transplantedneo-
cortical neurons migrate selectively
into regions of neuronal degener-
ation produced by chromophore-
targeted laser photolysis. J. Neurosci.
13, 3848–3863.
Magavi,S.S.,Leavitt,B.R.,andMacklis,
J. D. (2000). Induction of neurogen-
esis in the neocortex of adult mice.
Nature 405, 951–955.
Magavi,S.S.,Mitchell,B.D.,Szentirmai,
O., Carter, B. S., and Macklis, J. D.
(2005). Adult-born and preexisting
olfactory granule neurons undergo
distinctexperience-dependentmod-
iﬁcationsoftheirolfactoryresponses
invivo.J.Neurosci.25,10729–10739.
Mariani, E., Seripa, D., Ingegni, T.,
Nocentini, G., Mangialasche, F.,
Ercolani, S., Cherubini, A., Metas-
tasio, A., Pilotto, A., Senin, U., and
Mecocci, P. (2006). Interaction of
CTSD and A2M polymorphisms in
the risk for Alzheimer’s disease. J.
Neurol. Sci. 247, 187–191.
Masliah, E., Mallory, M., Ge, N.,Alford,
M., Veinbergs, I., and Roses, A. D.
(1995). Neurodegeneration in the
central nervous system of apoE-
deﬁcient mice. Exp. Neurol. 136,
107–122.
McKenna, W. L., Betancourt, J., Larkin,
K. A., Abrams, B., Guo, C., Ruben-
stein, J. L., and Chen, B. (2011).
Tbr1 and Fezf2 regulate alternate
corticofugalneuronalidentitiesdur-
ingneocorticaldevelopment.J.Neu-
rosci. 31, 549–564.
McTavish, N., Copeland, L. A., Saville,
M. K., Perkins, N. D., and Spruce,
B. A. (2007). Proenkephalin assists
stress-activated apoptosis through
transcriptional repression of NF-
kappaB- and p53-regulated gene
targets. Cell Death Differ. 14,
1700–1710.
Merkle,F.T.,Mirzadeh,Z.,andAlvarez-
Buylla, A. (2007). Mosaic organiza-
tion of neural stem cells in the adult
brain. Science 317, 381–384.
Mizutani, K., Yoon, K., Dang, L., Toku-
naga, A., and Gaiano, N. (2007).
Differential Notch signalling distin-
guishes neural stem cells from inter-
mediate progenitors. Nature 449,
351–355.
Molyneaux, B. J., Arlotta, P., Hirata, T.,
Hibi, M., and Macklis, J. D. (2005).
Fezl is required for the birth and
speciﬁcation of corticospinal motor
neurons. Neuron 47, 817–831.
Molyneaux, B. J.,Arlotta, P., Menezes, J.
R., and Macklis, J. D. (2007). Neu-
ronal subtype speciﬁcation in the
cerebral cortex. Nat. Rev. Neurosci.
8, 427–437.
Moriwaki, Y., Begum, N. A., Kobayashi,
M., Matsumoto, M., Toyoshima, K.,
and Seya, T. (2001). Mycobacterium
bovis bacillus Calmette-Guerin and
its cell wall complex induce a
novel lysosomal membrane protein,
SIMPLE, that bridges the missing
linkbetweenlipopolysaccharideand
p53-inducible gene, LITAF(PIG7),
andestrogen-induciblegene,EET-1.
J. Biol. Chem. 276, 23065–23076.
Myokai, F., Takashiba, S., Lebo, R.,
and Amar, S. (1999). A novel
lipopolysaccharide-induced tran-
scription factor regulating tumor
necrosis factor alpha gene expres-
sion:molecularcloning,sequencing,
characterization, and chromosomal
assignment. Proc. Natl. Acad. Sci.
U.S.A. 96, 4518–4523.
Nakatomi, H., Kuriu, T., Okabe, S.,
Yamamoto, S., Hatano, O., Kawa-
hara, N., Tamura, A., Kirino, T.,
andNakafuku,M.(2002).Regenera-
tionof hippocampalpyramidalneu-
rons after ischemic brain injury by
recruitment of endogenous neural
progenitors. Cell 110, 429–441.
Nataf, S., Anginot, A., Vuaillat, C.,
Malaval, L., Fodil, N., Chereul, E.,
Langlois, J. B., Dumontel, C., Cav-
illon, G., Confavreux, C., Mazzo-
rana, M., Vico, L., Belin, M. F.,
Vivier, E., Tomasello, E., and Jurdic,
P. (2005). Brain and bone damage
in KARAP/DAP12 loss-of-function
mice correlate with alterations in
microglia and osteoclast lineages.
Am. J. Pathol. 166, 275–286.
Noctor, S. C., Flint, A. C., Weiss-
man, T. A., Dammerman, R. S., and
Kriegstein, A. R. (2001). Neurons
derived from radial glial cells estab-
lishradialunitsinneocortex.Nature
409, 714–720.
Ozdinler, P. H., and Macklis, J. D.
(2006). IGF-I speciﬁcally enhances
axon outgrowth of corticospinal
motor neurons. Nat. Neurosci. 9,
1371–1381.
Parent, J. M., Vexler, Z. S., Gong, C.,
Derugin, N., and Ferriero, D. M.
(2002). Rat forebrain neurogene-
sis and striatal neuron replacement
after focal stroke. Ann. Neurol. 52,
802–813.
Partanen, S., Haapanen, A., Kielar, C.,
Pontikis, C., Alexander, N., Inkinen,
T., Saftig, P., Gillingwater, T. H.,
Cooper,J. D.,and Tyynela,J. (2008).
Synaptic changes in the thalamocor-
tical system of cathepsin D-deﬁcient
mice: a model of human congen-
ital neuronal ceroid-lipofuscinosis.
J. Neuropathol. Exp. Neurol. 67,
16–29.
Pinto, L., Mader, M. T., Irmler, M.,
Gentilini, M., Santoni, F., Drech-
sel, D., Blum, R., Stahl, R., Bulfone,
A., Malatesta, P., Beckers, J., and
Gotz, M. (2008). Prospective isola-
tion of functionally distinct radial
glial subtypes – lineage and tran-
scriptome analysis. Mol. Cell. Neu-
rosci. 38, 15–42.
Polyak, K., Xia, Y., Zweier, J. L., Kin-
zler,K.W.,andVogelstein,B.(1997).
A model for p53-induced apoptosis.
Nature 389, 300–305.
Roumier, A., Bechade, C., Poncer, J.
C., Smalla, K. H., Tomasello, E.,
Vivier,E.,Gundelﬁnger,E.D.,Triller,
A., and Bessis, A. (2004). Impaired
synaptic function in the microglial
KARAP/DAP12-deﬁcient mouse. J.
Neurosci. 24, 11421–11428.
Frontiers in Neuroscience | Neurogenesis February 2012 | Volume 6 | Article 12 | 8Sohur et al. Developmental genes during induced neurogenesis
Rousselot, P., Heintz, N., and Notte-
bohm,F.(1997).Expressionof brain
lipid binding protein in the brain
of the adult canary and its impli-
cations for adult neurogenesis. J.
Comp. Neurol. 385, 415–426.
Sanosaka, T., Namihira, M., Asano, H.,
Kohyama, J., Aisaki, K., Igarashi, K.,
Kanno,J.,andNakashima,K.(2008).
Identiﬁcation of genes that restrict
astrocyte differentiation of midges-
tational neural precursor cells. Neu-
roscience 155, 780–788.
Scharff, C., Kirn, J. R., Grossman,
M., Macklis, J. D., and Nottebohm,
F. (2000). Targeted neuronal death
affects neuronal replacement and
vocal behavior in adult songbirds.
Neuron 25, 481–492.
Schauwecker,P.E.(2006).Geneticinﬂu-
ence on neurogenesis in the dentate
gyrus of two strains of adult mice.
Brain Res. 1120, 83–92.
Seri,B.,Garcia-Verdugo,J. M.,Mcewen,
B. S., and Alvarez-Buylla, A. (2001).
Astrocytes give rise to new neurons
in the adult mammalian hippocam-
pus. J. Neurosci. 21, 7153–7160.
Shapiro, L. A., Korn, M. J., Shan, Z.,
and Ribak, C. E. (2005). GFAP-
expressing radial glia-like cell bod-
ies are involved in a one-to-
one relationship with doublecortin-
immunolabeled newborn neurons
intheadultdentategyrus.BrainRes.
1040, 81–91.
Sheen, V. L., and Macklis, J. D.
(1995). Targeted neocortical cell
deathinadultmiceguidesmigration
and differentiation of transplanted
embryonic neurons. J. Neurosci. 15,
8378–8392.
Shoemaker,L.D.,andArlotta,P.(2010).
Untangling the cortex: advances in
understandingspeciﬁcationanddif-
ferentiation of corticospinal motor
neurons. Bioessays 32, 197–206.
Smyth, G. K. (2004). Linear models
and empirical Bayes methods for
assessing differential expression in
microarray experiments. Stat. Appl.
Genet. Mol. Biol. 3,Article 3.
Sohur,U.S.,Emsley,J.G.,Mitchell,B.D.,
andMacklis,J.D.(2006).Adultneu-
rogenesis and cellular brain repair
with neural progenitors, precursors
and stem cells. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 361, 1477–1497.
Sousa, A. D., Berg, J. S., Robertson, B.
W., Meeker, R. B., and Cheney, R.
E. (2006). Myo10 in brain: devel-
opmental regulation, identiﬁcation
of a headless isoform and dynam-
ics in neurons. J. Cell. Sci. 119,
184–194.
Steele, A. D., Emsley, J. G., Ozdinler,
P. H., Lindquist, S., and Macklis,
J. D. (2006). Prion protein (PrPc)
positively regulates neural precursor
proliferation during developmental
and adult mammalian neurogene-
sis. Proc. Natl. Acad. Sci. U.S.A. 103,
3416–3421.
Stevens, B., Allen, N. J., Vazquez, L. E.,
Howell,G. R.,Christopherson,K. S.,
Nouri,N.,Micheva,K. D.,Mehalow,
A. K., Huberman,A. D., Stafford, B.,
Sher, A., Litke, A. M., Lambris, J. D.,
Smith, S. J., John, S. W., and Barres,
B. A. (2007). The classical comple-
mentcascademediatesCNSsynapse
elimination. Cell 131, 1164–1178.
Street, V. A., Bennett, C. L., Goldy, J.
D., Shirk, A. J., Kleopa, K. A., Tem-
pel, B. L., Lipe, H. P., Scherer, S. S.,
Bird, T. D., and Chance, P. F. (2003).
Mutation of a putative protein
degradation gene LITAF/SIMPLE
in Charcot-Marie-Tooth disease 1C.
Neurology 60, 22–26.
Suh, H., Deng, W., and Gage, F. H.
(2009). Signaling in adult neuroge-
nesis. A n n u .R e v .C e l lD e v .B i o l .25,
253–275.
Tomassy, G. S., De Leonibus, E.,
Jabaudon, D., Lodato, S., Alfano, C.,
Mele, A., Macklis, J. D., and Studer,
M. (2010). Area-speciﬁc temporal
control of corticospinal motor neu-
ron differentiation by COUP-TFI.
Proc. Natl. Acad. Sci. U.S.A. 107,
3576–3581.
Tusher, V. G., Tibshirani, R., and
Chu, G. (2001). Signiﬁcance analy-
sis of microarrays applied to
the ionizing radiation response.
Proc. Natl. Acad. Sci. U.S.A. 98,
5116–5121.
Verma, R., Chauhan, C., Saleem, Q.,
Gandhi, C., Jain, S., and Brah-
machari, S. K. (2004). A non-
sense mutation in the synapto-
gyrin 1 gene in a family with
schizophrenia. Biol. Psychiatry 55,
196–199.
Visel, A., Thaller, C., and Eichele, G.
(2004). GenePaint.org: an atlas of
gene expression patterns in the
mouseembryo.NucleicAcidsRes.32,
D552–D556.
Wahrle, S. E., Jiang, H., Parsadanian,
M., Legleiter, J., Han, X., Fryer, J.
D., Kowalewski, T., and Holtzman,
D. M. (2004).ABCA1 is required for
normalcentralnervoussystemApoE
levelsandforlipidationof astrocyte-
secreted apoE. J. Biol. Chem. 279,
40987–40993.
Wang, Y., Sheen, V. L., and Macklis,
J. D. (1998). Cortical interneurons
upregulate neurotrophins in vivo
in response to targeted apoptotic
degeneration of neighboring pyra-
midal neurons. Exp. Neurol. 154,
389–402.
Wu, S. X., Goebbels, S., Nakamura, K.,
Kometani, K., Minato, N., Kaneko,
T., Nave, K. A., and Tamamaki, N.
(2005). Pyramidal neurons of upper
cortical layers generated by NEX-
positive progenitor cells in the sub-
ventricular zone. Proc. Natl. Acad.
Sci. U.S.A. 102, 17172–17177.
Zimmerman, A. W., and Veerkamp, J.
H. (2002). New insights into the
structure and function of fatty acid-
binding proteins. C e l l .M o l .L i f eS c i .
59, 1096–1116.
Conﬂict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or ﬁnancial relationships that
could be construed as a potential con-
ﬂict of interest.
Received: 04 August 2011; accepted: 18
January 2012; published online: 06 Feb-
ruary 2012.
Citation:Sohur US,Arlotta PandMack-
lis JD (2012) Developmental controls
are re-expressed during induction of
neurogenesis in the neocortex of young
adult mice. Front. Neurosci. 6:12. doi:
10.3389/fnins.2012.00012
This article was submitted to Frontiers in
Neurogenesis, a specialty of Frontiers in
Neuroscience.
Copyright © 2012 Sohur, Arlotta and
Macklis. This is an open-access article
distributed under the terms of the Cre-
ative Commons Attribution Non Com-
mercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided the
original authors and source are credited.
www.frontiersin.org February 2012 | Volume 6 | Article 12 | 9Sohur et al. Developmental genes during induced neurogenesis
APPENDIX
TableA1 | Genes differentially expressed in regions of induced young adult neurogenesis.
Full name Gene symbol Fold change P-value Affymetrix ID Accession number
A
Apolipoprotein E Apoe 1.20 4.00E-04 95356_at D00466
Aquaporin 4 Aqp4 2.23 4.58E-03 102703_s_at U48398
Basigin Bsg 1.17 1.90E-03 101078_at Y16258
Calcium/calmodulin-dependent protein kinase II alpha Camk2a 7 .21 4.71E-03 93659_at X14836
Calcium/calmodulin-dependent protein kinase II, delta Camk2d 2.18 9.50E-03 93214_at AF059029
Coiled-coil domain containing 50 Ccdc50 −1.90 4.88E-03 104056_at AI573367
CD63 molecule Cd63 1.27 2.00E-05 160493_at D16432
Carbohydrate sulfotransferase 2 Chst2 2.07 8.08E-03 97110_at AW121776
Coatomer protein complex, subunit beta 1 Copb1 −1.36 8.40E-04 94992_at AI840667
Cellular retinoic acid binding protein II Crabp2 −2.27 2.14E-03 100127_at M35523
Cryptochrome 2 (photolyase-like) Cry2 2.24 3.27E-03 97724_at AB003433
Casein kinase 1, delta Csnk1d 1.84 9.48E-03 97263_s_at AI846289
Cathepsin L Ctsl 1.36 7 .50E-03 101963_at X06086
ELOVL family member 5, elongation of long chain fatty
acids (yeast)
Elovl5 1.25 5.10E-03 93496_at AI852098
Epidermal growth factor receptor pathway substrate 15 Eps15 1.98 3.55E-03 104006_at L21768
FBJ osteosarcoma oncogene Fos −1.79 6.13E-03 160901_at V00727
Ferritin light chain 1 Ftl1 1.42 1.53E-03 99872_s_at L39879
Glutathione S-transferase, mu 1 Gstm1 −1.35 5.34E-03 93543_f_at J03952
General transcription factor II H, polypeptide 1 Gtf2h1 1.17 1.04E-03 94811_s_at AJ002366
Histocompatibility 2, D region H2-d1 1.75 3.80E-04 101886_f_at X52490
MHC class I like protein GS10 H2-gs10 1.69 7 .04E-03 98438_f_at X16202
Histocompatibility 2, K1, K region H2-k1 3.82 5.15E-03 93120_f_at V00746
Histocompatibility 2, Q region locus 2 H2-q2 1.82 2.00E-04 102161_f_at X58609
Histocompatibility 2,T region locus 23 H2-t23 1.44 1.73E-03 98472_at Y00629
HOP homeobox Hopx 1.37 5.46E-03 96672_at AW123564
Importin 8 Ipo8 −1.28 8.00E-03 104163_at AA711002
Lysosomal multispanning membrane protein 5 Laptm5 2.12 9.52E-03 161819_f_at AV356071
Lectin, galactose binding, soluble 1 Lgals1 1.24 6.75E-03 99669_at X15986
Legumain Lgmn 1.26 1.40E-03 93261_at AJ000990
Myelin basic protein Mbp 1.28 2.34E-03 96311_at M11533
Myelin-associated oligodendrocytic basic protein Mobp 3.45 6.54E-03 99048_g_at U81317
PERP ,TP53 apoptosis effector Perp −2.75 2.76E-03 97825_at AI854029
Peroxiredoxin 6 Prdx6 1.49 1.11E-03 100332_s_at AF093853
RAB11a, member RAS oncogene family Rab11a 1.14 4.99E-03 92854_at D50500
RAN GTPase activating protein 1 Rangap1 1.67 5.74E-03 98603_s_at U20857
ribosomal protein, large, P1 Rplp1 −1.48 1.39E-03 161480_i_at AV055186
Ribosomal protein S27 Rps27 −1.13 6.40E-03 96300_f_at AI854238
Ras-related GTP binding D Rragd 1.85 8.99E-03 93614_at AA600647
S100 calcium binding protein A6 S100a6 1.27 8.40E-04 92770_at X66449
Serine incorporator 3 Serinc3 1.15 6.79E-03 100151_at L29441
Sirtuin 2 (silent mating type information regulation 2,
homolog) 2 (S. cerevisiae)
Sirt2 1.34 7 .29E-03 95502_at AI840267
Small nucleolar RNA host gene 11 Snhg11 −1.93 7 .29E-03 97752_at AI854265
Synaptogyrin 1 Syngr1 2.71 3.30E-04 102221_at AJ002306
Synaptotagmin I Syt1 2.62 5.94E-03 93005_at D37792
(Continued)
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TableA1 | Continued
Full name Gene symbol Fold change P-value Affymetrix ID Accession number
Transgelin Tagln −1.50 5.70E-03 93541_at Z68618
Thrombospondin 1 Thbs1 −2.21 5.79E-03 160469_at M62470
Transmembrane protein 30A Tmem30a 1.52 1.43E-03 95613_at AW122573
Trafﬁcking protein, kinesin binding 2 Trak2 2.01 1.64E-03 97111_at AA290180
Tubulin, beta 2 Tubb2a 1.19 4.09E-03 94835_f_at M28739
Tubulin, beta 5 Tubb5 1.13 7 .32E-03 94788_f_at X04663
Tubulin, beta 6 Tubb6 1.20 7 .60E-03 160461_f_at AW215736
Zinc ﬁnger, X-linked, duplicated A Zxda −2.16 7 .66E-03 104191_at AI322972
B
Alpha-2-macroglobulin A2m 2.22 0.01 104486_at AI850558
ADAM metallopeptidase domain 10 Adam10 1.86 0.01 100751_at AF011379
Adipose differentiation-related protein Adfp 1.53 0.02 98589_at M93275
Adenomatosis polyposis coli down-regulated 1 Apcdd1 1.54 6.53E-04 96132_at AB023957
Baculoviral IAP repeat-containing 6 (Apollon) Birc6 −1.52 0.02 102754_at Y17267
Complement component 4A (Rodgers blood group); com-
plement component 4B (Childo blood group)
C4a; C4b 2.85 0.03 103033_at X06454
Caspase 9, apoptosis-related cysteine peptidase Casp9 2.29 0.02 100368_at AB019601
CD68 molecule Cd68 2.49 0.02 103016_s_at X68273
Colony stimulating factor 1 receptor Csf1r 1.79 0.04 104354_at X06368
CUG triplet repeat, RNA binding protein 1 Cugbp1 2.67 0.05 93630_at X61451
Ecotropic viral integration site 2A Evi2a 2 0.01 98026_g_at M34896
H2-K2 histocompatibility 2, K region locus 2 H2-k2 1.74 0.01 93714_f_at AI117211
Histocompatibility 2, Q region locus 7 H2-q7 1.72 0.04 98438_f_at X16202
Major histocompatibility complex, class I, C Hla-c 1.9 0.00 101886_f_at X52490
3-Hydroxy-3-methylglutaryl-coenzyme A reductase Hmgcr 1.63 0.02 99425_at X07888
Lipopolysaccharide-inducedTNF factor Litaf 1.57 0.01 93753_at AI852632
Mitogen-activated protein kinase kinase kinase 7 Map3k7 1.55 0.04 160854_at D76446
Matrix Gla protein Mgp −1.75 0.02 93866_s_at D00613
Osteoglycin Ogn −1.54 2.68E-03 160877_at AA647799
RAB34, member RAS oncogene family Rab34 −1.61 0.03 160317_at AI835712
Ribose 5-phosphate isomerase A (ribose 5-phosphate
epimerase)
Rpia −1.79 0.04 103322_at L35034
Solute carrier family 5 (sodium-dependent vitamin
transporter), member 6
Slc5a6 −1.69 0.01 104200_at AW048729
TAP binding protein (tapasin) Tapbp 1.55 0.01 100154_at AI836367
Trans-Golgi network protein; trans-Golgi network protein 2 Tgoln1;Tgoln2 1.68 0.04 93881_i_at D50032
(Continued)
www.frontiersin.org February 2012 | Volume 6 | Article 12 | 11Sohur et al. Developmental genes during induced neurogenesis
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SAM MANOVA
Full name Gene
symbol
Fold
change
P-value Fold
change
P-value Affymetrix ID Accession
number
C
ATP-binding cassette, sub-family A (ABC1), member 1 Abca1 3.40 1.04E-03 2.83 0.02 97198_at X75926
Beta 2 microglobulin B2m 1.46 2.00E-05 1.55 0.02 93088_at X01838
Brain derived neurotrophic factor Bdnf −1.41 3.00E-04 −1.60 1.42E-03 102727_at X55573
Complement component 1, q subcomponent, A C1qA 2.93 1.06E-08 2.77 0.01 98562_at X58861
Complement component 1, q subcomponent, B C1qB 2.33 1.23E-09 2.48 1.50E-03 96020_at M22531
Complement component 1, q subcomponent, C C1qC 2.05 8.15E-06 2.23 0.01 92223_at X66295
CD53 molecule Cd53 2.25 1.00E-05 1.67 0.01 94939_at X97227
CD9 molecule Cd9 1.65 2.20E-04 1.64 0.01 95661_at L08115
Cathepsin D Ctsd 1.53 2.34E-03 1.62 0.03 93810_at X68378
Cathepsin S Ctss 1.87 4.35E-15 2.10 4.80E-04 98543_at AJ223208
Cathepsin Z Ctsz 1.60 1.08E-03 1.75 0.01 92633_at AJ242663
Cytochrome b-245, alpha polypeptide Cyba 1.78 1.65E-03 2.37 4.02E-03 100059_at M31775
Emerin (Emery–Dreifuss muscular dystrophy) Emd −1.26 7 .98E-03 −1.68 0.04 103420_at U79753
Fatty acid binding protein 7 , brain Fabp7 1.51 2.30E-04 1.53 0.01 98967_at U04827
Fibromodulin Fmod −5.00 6.00E-04 −2.13 0.03 99152_at X94998
Gamma-aminobutyric acid (GABA-A) receptor, subunit
beta 3
Gabrb3 3.29 4.19E-03 2.25 0.02 99897_at U14420
Glial ﬁbrillary acidic protein Gfap 3.93 2.98E-03 2.39 0.04 94144_g_at;
94143_at
X02801
Gap junction membrane channel protein beta 2 Gjb2 −1.74 6.24E-03 −1.74 0.01 98423_at M81445
Insulin-like growth factor binding protein 2 Igfbp2 −1.29 2.80E-03 −1.54 0.03 98627_at X81580
Lymphocyte cytosolic protein 1 (L -plastin) Lcp1 1.43 7 .85E-03 1.99 2.74E-03 94278_at D37837
Lymphocyte antigen 86 Ly86 3.01 2.00E-05 3.88 6.71E-04 94425_at AB007599
Lysozyme 1; lysozyme 2 Lyz1; Lyz2 7 .32 4.15E-03 5.92 4.22E-03 101753_s_at X51547
Myelin-associated glycoprotein Mag 1.55 1.60E-03 1.66 0.01 102405_at M31811
Macrophage expressed gene 1 Mpeg1 1.89 2.19E-03 2.17 0.02 99071_at L20315
Myosin X Myo10 1.96 3.11E-03 1.60 6.04E-03 100923_at AJ249706
Nasal embryonic LHRH factor Nelf 3.09 8.30E-04 3.85 0.03 99557_at AI849565
Proenkephalin 1 Penk1 −1.39 5.90E-03 −1.56 0.02 94516_f_at M55181
Prostaglandin D2 synthase (brain) Ptgds −2.54 5.73E-06 −3.06 0.01 92546_r_at AB006361
Serine (or cysteine) peptidase inhibitor, clade A,
member 3N
Serpina3n 4.94 5.50E-04 3.32 0.03 104374_at M64086
Splicing factor, arginine/serine-rich 1 (ASF/SF2) Sfrs1 2.32 1.82E-07 2.13 2.01E-04 160539_at X66091
TYRO protein tyrosine kinase binding protein Tyrobp 1.93 1.78E-06 2.39 4.84E-04 100397_at AF024637
(A) Genes identiﬁed by statistical analysis of microarrays (SAM), but not by multivariate analysis of variance (also known as linear modeling; MANOVA). (B) Genes
identiﬁed by MANOVA, but not by SAM. (C) Genes identiﬁed by both SAM and MANOVA (Source: .CEL ﬁles from this work will be deposited at NCBI’s GEO).
Frontiers in Neuroscience | Neurogenesis February 2012 | Volume 6 | Article 12 | 12